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Abstract The single crystal structures of two 2-acyla-
minopyrimidines, where alkyl groups in acyl moiety are
iso-propyl (1) and dichloromethyl (2), were solved by
X-ray diffraction method. The strength of intermolecular
hydrogen bonding interactions depends on the C—H bond
polarization increased by exchanging two methyl groups
by chlorine atoms in the adjacent substituent. The com-
putational methods provide an additional insight into the
intermolecular interactions and are utilized in explaining
the differences in the observed crystal structures. The
experimental and computational data together explain the
differences in the formed aggregates and revealed that
these simple substitutions cause crucial changes in the
intermolecular interactions.

Keywords Weak interaction - Bond polarization -
Hydrogen bonding - Crystal structure - DFT calculations
Introduction

The non-covalent interactions are nowadays explored and
used in design and preparation of supramolecular
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assemblies [1-3]. Among the classic examples of strongly
bound dimers are amides, carboxylic acids, and a plethora
of heteroaromatics such as 2-aminopyridine and 2-[1H]-
pyridone [4]. In general the hydrogen bonding depends on
properties of hydrogen bond donors (D) and acceptors
(A) such as the acidity and basicity of interacting groups. It
has been shown how hydrogen bonding can be used in
designing the shape of aggregate [5—7] in solution and in
solid state [8]. Generally, non-covalent intermolecular
interactions are influenced by steric effects [9-12], elec-
tronic repulsion [11, 13], position of the heteroatoms in the
ring [14-16], and cooperative effects [17]. The atoms able
to compete for hydrogen bonds (basic or acidic centers) are
responsible for the conformational flexibility of NH-CO
bond in amides [18-20]. This conformational freedom is
restricted in 2,6-bis(acylamino)pyridines preventing their
dimerization via quadruple hydrogen bonding while the
conformational flexibility is maintained in related pyrimi-
dines [10, 18] possessing an additional nitrogen in the ring
when compared with pyridine. The same is realized in
comparison of the solid-state structure of 2-acetylamino-
pyridine [9] versus 2-acetylaminopyrimidine [16] (Fig. 1).

Furthermore, intramolecular hydrogen bonding stabi-
lizes some of these molecules [19, 20]. An increased
flexibility of the 2-acylamino substituent in pyrimidine is
argued to be due to electron lone pair repulsions between
N-3 and carbonyl oxygen [16]. This was confirmed by
comparison of the heteroassociation of 2,2'-dipyridylamine
versus 2-acetylaminopyrimidine which both contain ADA
hydrogen bond motifs with DAD counterparts capable for
triple hydrogen bonding [12]. The weak (usually below
16 kJ/mol [21, 22]) CH:--O [23-25], CH:--N [26, 27], or
CH---m [28] interactions may also influence the geometry
[29] of self-assembled molecules. The nonconventional
CH:--O hydrogen bonds have been found in pyridine—
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Fig. 1 The solid-state structures of 2-acetylaminopyridine and
2-acetylaminopyrimidine

carboxylic acid co-crystals [30-33], in crystals of N,N'-
di(2-pyridyl)oxamide [34], and nitromethane entrapped in
cyclodextrin [35]. It is commonly known that CH is a
weaker hydrogen bond donor than NH/OH due to lower
electronegativity of carbon than that of nitrogen and oxy-
gen. During our studies on 2-acylaminopyrimidines an
interesting question arises whether a change in C—H bond
polarization would result in formation of intramolecular
hydrogen bonding as in some heterocyclic urea derivatives
[15, 36-38]. The main goals in the present study are: (a) to
check if the intramolecular hydrogen bonding by CH donor
is able to limit the conformational flexibility in these
molecules, (b) to study how polarization of CH bond by
chlorines influences the molecular structure, and (c) to
model and interpret the molecular properties via compu-
tational methods. It is worth mentioning that in Cambridge
Structural Database (CSD) only three similar structures
were found revealing that the bifurcation of hydrogen bond
in pyrimidine derivatives is not common. These contain
aromatic CH---N/O [39, 40] or OH---N/O [41] contacts.

Experimental

The synthesis of 1 and 2 (Fig. 2) was performed as
described before [16]. Their dimerization constants were
determined by "H NMR dilution studies fitted to Benesi-

Fig. 2 The ORTEP [70] plots
of 1 and 2 (most hydrogens are
omitted for clarity), atom
numbering and hydrogen
bonding pattern
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Hildebrand equation [42]. X-ray diffraction data of 1 and 2
were collected at 123(2) K on a Bruker-Nonius KappaCCD
diffractometer with ApexIl detector using graphite mono-
chromated Mo-K,, radiation. The details of X-ray crystal-
lography are given in Electronic Supplementary Material
(ESM). The solved geometries of 1 and 2 were used as
inputs for quantum chemical calculations to validate the
intermolecular interactions including the strength of
hydrogen bonding. The M05/6-311G(d,p) level of theory,
recommended in studying non-covalent interactions [43—
46], was applied to monomers and dimers of 1 and 2. The
frequency calculations were run to be sure that the geom-
etry is in energy minima (no negative frequencies were
obtained). The transition state for reaction shown in Fig. 3
was optimized with the use of Synchronous Transit-Guided
Quasi-Newton algorithm [47, 48]. All optimizations have
been run using Gaussian software [49]. The H-BCP prop-
erties were calculated with the use of AIM2000 software
[50].

Results and discussion

2-Acylaminopyrimidines either with two methyls (1) or
chlorines (2) in acyl moiety (Fig. 1) gave crystals for X-ray
structure determination after slow evaporation of CDCl; in
NMR tube. Compounds were characterized also by 'H,
13C, and "N NMR spectroscopy and by elemental analysis
(see ESM).

It has been shown [16] that 2-acetylaminopyrimidine
exists in E conformation in crystals as dimers stabilized by
two NH---N and two CH---O interactions (Fig. 1). The less
limited rotation about N7-C8 in pyrimidine is due to an
additional nitrogen (N3 differing from pyridine derivatives
[9]). In 1 and 2 such a free rotation is not observed and the
amide conformation is Z in crystal structure as also in
1-adamantyl derivative [16]. The substitution of i-Pr group
by CHCI, results in a different crystal structure although

N O
(%
NN
H H

10 Ri2

4 ::: —,:E
8
1
6 N/JZ\KIJS\(
|
" H

R=Me (1), Cl (2)




Struct Chem (2013) 24:2203-2209

2205

Fig. 3 Open and closed forms
of 1 and 2 and the
intramolecular hydrogen
bonding in the closed form and
in a urea derivative

open form

Table 1 Hydrogen bonding geometries in the crystals of 1 and 2

D-H (A) H-A (A) D-A(A) D-H-A (°)

1

N(7A)--N(3B)*  0.86(5) 225(5)  3.073(4) 162(4)
N(7B)--0(9A)  091(5) 243(5)  3.167(4) 139(4)
N(7B)--N(BA)  091(5) 2.26(5)  3.073(5) 148(4)
C(5B)--0(9A)°  0.95 242 3.287(5) 151
C(10A)--O(9B)*  1.00 251 3.442(5) 156
C(10B)--O(9A)  1.00 2.49 3.302(5) 138
C(12A)--N(1B)°  0.98 2.61 3.496(5) 150
C(11B)--N(1A)* 0.98 2.72 3.513(5) 138
C(12B)--N(1A)* 0.98 2.70 3.493(5) 139
2

N(7)---0(9)° 092(3) 2.18(3)  2.923(2) 137(2)
N(7)--N(3)° 092(3) 238(3)  3.160(3) 143(2)
C(10)--0(9)° 1.00 248 3.296(3) 139
C(10)--NQ3)° 1.00 2.61 3.387(3) 134
C(6)--N(Df 0.95 2.70 3.322(3) 123
C(5)--0(9)® 0.95 2.71 3.296(3) 120
C@4)--CI(12)2  0.95 2.94 3.747(2) 143

A and B refer to two crystallographically independent molecules in
asymmetric unit of 1

Symmetry transformations to generate the atoms: “x, y, z — 1;
°_x+2, y+ 12, —z+1; C—x+2, y— 12, —z d_x 41, y
— 172, =z, ¢y + 172, —x + 112, z — 1/4; f -y, —x, =z + 3/2; &y,
x—1,—z+2

the methyl groups and chlorine atoms are comparable in
size. In structure of 2 molecules are oriented around four-
fold axis (Fig. 2; ESM). This is suspected to result from the
electronic repulsion of the chlorine atoms. In structure of 1
two molecules are present in asymmetric unit and they
show slightly deviating geometry in acylamino group (see
ESM). The hydrogen bonding geometries of 1 and 2 are
collected in Table 1.

The geometry data show that the substitution of methyls
by chlorine atoms causes only clear shortening in N7---Q9’,
C10---N3’ intermolecular hydrogen bonding distances (and
partly in C10---O9’, Table 1). However, out of four inter-
molecular distances presented in Fig. 2 the hydrogen bond
contact N7---N3’ is longer in 2 than in 1. The chains of
molecules along the c-axis formed by these four hydrogen
bonds are connected with adjacent chains by weak
C-H---N/O type interactions (also one C—H---Cl in 2). The
distance between ring centroids of adjacent molecules are

“H_ R +H
Gl —GLE OO
H H H

R

H

closed form heterocyclic urea derivative

Table 2 The properties [density (p), Laplacian (V2p) of electron
density, and hydrogen bond energy (Eyg, (kJ/mol))] at H-BCP in 1/2

H-BCP p v2p Eug
N7-H7---N3' 0.013/0.012 0.048/0.041 —10.8/—9.6
N7-H7---09’ 0.008/0.015 0.034/0.061 —7.9/-14.1
C10-H---N3' 0.006/0.008 0.017/0.026 —4.1/-6.1
C10-H---09’ 0.009/0.009 0.031/0.032 —7.6/-1.7
Sum —30.4/—37.5

ca. 5.4 A in crystals of 1 and 6.1 Ain crystals of 2 (Table
S3), which is perfectly understood since the angle between
ring planes are 61° and 90°, respectively. While the
intermolecular distances clearly show closer placement of
molecules in crystal of 2 than that of 1, an alternative way
of showing these relations is the area of triangles (T1-T4,
Table S3) delimited by crucial atoms. All triangles are
smaller in 2 than in 1. The D-H---A angles are between ca.
125 and 160°. The deviation from linearity (180°) is due to
the bifurcated character of hydrogen bond bridges. It is also
worth to stress that both hydrogen bond donors and
acceptors are bifurcated. Moreover, the solved structures
suggest that at times the interactions usually considered as
weaker can support stronger ones and together with the
ability of additional interactions by extra basic centers (N3)
new, hardly predictable structures are formed [51]. To
better understand the intermolecular interactions in these
molecules computations were performed.

The QTAIM [52] is useful in describing the properties
of hydrogen bond bridges, i.e., the electron density (p) and
Laplacian of electron density (V?p) at Hydrogen Bond
Critical Point (H-BCP). According to this method for the
covalent bond the Laplacian of electron density at BCP is
negative and for interactions of hydrogen bonding nature
(H-BCP), it is positive [52, 53]. QTAIM data for currently
studied interactions are collected in Table 2 (the geometry
taken from XRD measurements).

It is worth to note that except for N7H7---N3’ interaction
(hydrogen bond distances, Table 1) the polarization of CH
bond by chlorine atoms in 2 makes its hydrogen bonds
stronger. Moreover, the hydrogen bond energies [54, 55]
(Eyg) were calculated according to Espinosa approach [54,
55], while the overall interaction energy (Ej,.) is the dif-
ference between energy of the complex and the sum of
energies of monomers. Espinosa’s approach based on
QTAIM and properties of hydrogen bond critical point
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properties was used on a variety of non-covalent interac-
tions including XH---O (X =C, N, O), H---F [54-59]
hydrogen bonds. Moreover, the same approach has been
used to study the hydrogen bond bridges in which the
hydrogen bond acceptor carries three (FH---FF [58],
NH:--F, CH:--F [59]), two (NH---O, or OH---O[54]), and
one lone electron pair (FH---NHj3 [59]). This method have
also been used in explaining the properties of intramolec-
ular hydrogen bonds (NH---N [60]) and intermolecular ones
that stabilize dimer, trimers and tune the properties of ro-
tamers in supramolecular assemblies [16, 61]. It is fair to
mention that we used this approach to highlight the dif-
ferences in energy of interactions between NH---N/O and
CH---N/O contacts, while the QTAIM was shown to be
applicable for many structures where the hydrogen bonding
is described as purely non-covalent interaction (even a
weak one [62]) or it is considered as partially covalent one
with relatively high bond orders [63]. The same method-
ology may be applied to study hydrogen bonding in
m-electron conjugated structures [64] or in investigations
on halogen bonding [65]. Ej,s are corrected to basis set
superposition error (BSSE) with the counterpoise method
[47, 66] as implemented in Gaussian [49] with default
settings (see later in text).

To study the association of these molecules in solution
the "H NMR dilution experiments (in CDCl;) were per-
formed as before [9]. The dimerization constants (Kg;,,) at
293 K are 1.4 for 1 and 1.7 M~ for 2, respectively, when
both NH and CH protons were used as probe nuclei [12].

It has been argued that generally the intramolecular
hydrogen bonding is stronger than intermolecular [67]. In

Fig. 4 Dimers D1-D6 of D1
1 and 2

@ Springer

addition, a weak CH---N interaction may have some influence
on the conformational freedom in these compounds (Fig. 3).

The intramolecular hydrogen bond is a dominant inter-
action stabilizing the closed form in heterocyclic urea
derivatives (Fig. 3). In 1 and 2 the open form is ca. 16 kJ/mol
higher in energy than closed one. The energy of CH---N
interaction, according to Espinosa [54, 55], is —12.8
kJ/mol in 1 and —17.4 kJ/mol in 2. On the other hand, the
closed—open form equilibrium may take place as the rota-
tion about N7-C8 bond is easy and passes through the
energetically low-lying transition state. The calculated
barrier to rotation (transition state) about N7-C8 bond is ca.
59 kJ/mol with respect to the closed form.

In order to explain the intermolecular interactions in 1
and 2 and resulting solid-state structure the dimerization
was considered as the initial step on way to higher aggre-
gates. Therefore, the open and closed forms (Fig. 3) were
optimized as dimers and the interaction energy together
with QTAIM parameters were calculated. Figure 4 shows
six dimers used in these calculations.

In Table 3 the results of calculations are collected, i.e.,
the interaction energy between molecules in kJ/mol cor-
rected to BSSE (Ej,.), electron density at H-BCP (p),
Laplacian of electron density (VZp), and energy of
hydrogen bonds (Eyg). The geometry optimized in vacuum
was used as initial geometry for calculations with the use of
PCM [68] model of solvation and higher basis set (6-311+
G(2d,2p), Table 3 in italics) for the associate that was
found by X-ray crystallography (D2, Fig. 4). The same
basis set was applied on the X-ray structural geometry as a
single point runs (Table 2).
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Table 3 Calculated properties

of dimers at their H-BCP

 Intramolecular hydrogen
bond, ® aromatic CH---N
interaction, ¢ -CI,CH:---O

1
Eines ps Vz/’» Eup

2
Eines p» sz), Eus

Closed form (CH---N)
D1 (NH---N)
D2 (NH---N)
(NH---0)
(CH--N)
(CH---0)

D2 (NH---N)
(NH---0)
(CH---N)
(CH---0)

D3 (NH---N)
(NH---0)
(CH:-N)*
(CH--N)"
(CH---O)°
D4 (NH---O)
(CH---N)

D5 (NH---N)
(CH--N)*
(CH---0)°
D6 (NH---N)
(NH---0)

-, 0.016, 0.055, —12.8

-, 0.021, 0.073, —17.4

—39.5, 0.023, 0.069, —18.3 —53.6, 0.025, 0.074, —20.6
—37.8, 0.009, 0.033, —7.3 —60.4, 0.017, 0.057, —13.2
0.020, 0.08, —18.9 0.014, 0.053, —12.3
H-BCP not found H-BCP not found

0.006, 0.017, —4.2 0.007, 0.027, —6.1

0.012, 0.041, —9.2 0.019, 0.064, —15.4

0.017, 0.065, —14.8 0.011, 0.041, —9.5

0.006, 0.017, —4.1 0.008, 0.026, —6.1

0.007, 0.020, —5.1 0.013, 0.048, —10.8

—48.2, 0.026, 0.077, —22.1 —56.3, 0.028, 0.081, —24.2
0.025, 0.095, —24.8 0.027, 0.099, —26.4

0.017, 0.060, —14.2 0.022, 0.078, —18.8

0.009, 0.026, —6.3 0.009, 0.025, —=5.9

0.006, 0.023, —5.3 0.009, 0.033, —7.3

—31.8, 0.025, 0.095, —24.5 —36.6, 0.025, 0.094, —24.0
0.017, 0.060, —14.1 0.023, 0.080, —19.6
—51.3, 0.026, 0.079, —22.6 —56.9, 0.027, 0.083, —24.5
0.017, 0.057, —13.4 0.022, 0.075, —17.7

0.010, 0.033, —8.1 0.010, 0.031, —7.5

—33.9, 0.026, 0.078, —22.0 —36.8, 0.027, 0.082, —24.2

0.023, 0.087, —21.7

0.024, 0.089, —22.3

hydrogen bond, 4 molecule that (CH---N)™
contains aromatic CH---N (CH---N)
interacting proton (D6, bottom (CH--N)"

0.017, 0.059, —13.9
0.017, 0.058, —13.6
0.010, 0.029, —6.9

0.022, 0.077, —18.4
0.022, 0.077, —18.5
0.009, 0.026, —6.3

molecule, Chart 4)

In general the data for H-BCP calculated in vacuum, sol-
vent, and from X-ray structure are in agreement. The CH:--N/
O interaction is stronger in 2 than in 1 due to the C—H bond
polarization caused by the adjacent electronegative chlorines.

The data in Table 3 are in agreement with experimental
findings. The dimer observed in 2-isobutyroylaminopyridine
[9] and stabilized by NH---N hydrogen bond was not found in
respective pyrimidine derivatives. The calculated data
explain the stability of the 2-isobutyroylaminopyrimidine and
respective dichloro derivative in crystal. The current data also
show that the bifurcated character of hydrogen bonds is cru-
cial in association of 1 and 2. This is especially true for 2
where the weak interactions by CH group are strengthened by
bond polarization. This conclusion is supported by the
deshielding in "HNMR chemical shifts (ESI). The broadened
"H signals of CH moieties in 1 and 2 suggest that this proton is
interacting with nitrogen by weak hydrogen bonding.

Conclusions

The single crystal X-ray structures of two 2-acylamino-
pyrimidines 1 and 2 reveal interesting NH:--O/N and

CH---O/N interactions that have bifurcated character. The
strength of intermolecular interaction depends on the
presence of chlorines in the acyl moiety, which polarize the
adjacent C—H bond. The quantum chemical calculations
based on X-ray structures explain experimental findings.
When compared with 2-acylaminopyridines an extra
nitrogen (N3) in the heterocyclic ring increases the number
of energetically relevant dimeric structures. However, the
crucial point is that the C—H bond polarization by chlorines
in 2 results in the most stable structure being the dimer
stabilized by bifurcated hydrogen bonds. Based on Jor-
gensen’s approach the secondary interactions [69] rely
mostly on the repulsive or attractive interactions in
coplanar complexes. Dimers of 1 and 2 with bifurcated
hydrogen bonds are nonplanar and do not favor the sec-
ondary interactions, especially strong repulsions. More-
over, the dimers with bifurcated hydrogen bonds are able to
further aggregate in chain structures. Also, it is worth to
mention that although the closed conformer of the mono-
mer is the most stable form, the formation of intermolec-
ular interactions can favor the open form in crystals due to
relatively high rotational barrier between open and closed
forms.
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